Understanding how RNA molecules navigate their rugged folding landscapes holds the key to describing their roles in a variety of cellular functions. To dissect RNA folding at the molecular level, we performed simulations of three pseudoknots (MMTV and SRV-1 from viral genomes and the hTR pseudoknot from human telomerase) using coarse-grained models. The melting temperatures from the specific heat profiles are in good agreement with the available experimental data for MMTV and hTR. The equilibrium free energy profiles, which predict the structural transitions that occur at each melting temperature, are used to propose that the relative stabilities of the isolated helices control their folding mechanisms. Kinetic simulations, which corroborate the inferences drawn from the free energy profiles, show that MMTV folds by a hierarchical mechanism with parallel paths, i.e., formation of one of the helices nucleates the assembly of the rest of the structure. The SRV-1 pseudoknot, which folds in a highly cooperative manner, assembles in a single step in which the preformed helices coalesce nearly simultaneously to form the tertiary structure. Folding occurs by multiple pathways in the hTR pseudoknot, the isolated structural elements of which have similar stabilities. In one of the paths, tertiary interactions are established before the formation of the secondary structures. Our work shows that there are significant sequence-dependent variations in the folding landscapes of RNA molecules with similar fold. We also establish that assembly mechanisms can be predicted using the stabilities of the isolated secondary structures.
T
he RNA folding problem has taken center stage in molecular biology because these molecules play a vital role in a variety of cellular functions. The percentage of the transcribed noncoding sequences in mice and human genomes exceed 90% (1) , and the functional importance of the rest of the noncoding RNA is now only beginning to be understood (2) . The noncoding roles of ribosomal RNA (rRNA) and transfer RNA (tRNA) are well known, but the discovery of ribozymes (RNA enzymes) has sparked an intense search for the functional roles of the rest of the noncoding RNA molecules (2, 3) , which include catalysis, replication, transcriptional and translational regulation, and ligand binding (4) , just to name a few. Consequently, it is important to determine the mechanisms by which RNA molecules fold so that a deeper understanding of the structure-function relationship can emerge.
Although great progress has been made in understanding of how RNA molecules fold (5Ϫ10) global principles that determine the sequence dependent folding mechanisms have not fully emerged. It is argued that RNA folding mechanisms must be inherently simple because of the apparent separation in the energy scales that describe the different levels of structural organization (11) . Furthermore, RNA molecules are constructed from only four nucleotides (nts), and the Watson-Crick (WC) base pairings to some extent restrict the number of plausible secondary structures. Because the RNA helices are independently stable, RNA folding to a first approximation, can be described as being hierarchical in that the formation of the secondary structure precedes the acquisition of the tertiary structure. Typically the final tertiary structure does not significantly alter the preformed secondary structure (12) . However, the chemical similarity of the nucleotides and the observation that only Ϸ50% of the nts are engaged in WC base pairing (13) results in the possibility that RNA can be trapped in a variety of alternate states even at the secondary structure level (14Ϫ16). The small stability gap separating the native basin of attraction (NBA) and the competing basins of attraction (CBAs) results in RNA being kinetically trapped in the CBAs during the folding process (5) . Thus, even the folding landscape of RNA hairpins can be rugged, resulting in complex folding kinetics (17) . In contrast to the diversity in the shapes and chemical characters of the building blocks of proteins, the four nts are all aromatic bases with similar chemical properties, thus making the interactions highly promiscuous. The low specificity of the interactions results in populations of alternate structures during the folding process (18) (19) (20) (21) .
To understand the inherent sequence-dependent variations in RNA folding, we performed coarse-grained simulations of three pseudoknots, which are involved in ribosomal frameshifting (22) (23) (24) (25) and telomerase activity (26) . Simulations using the Three Interaction Site (TIS) model for RNA (27) compare well with the available experimentally determined thermodynamic transitions. The folding landscapes and kinetics reveal the hidden complexity of RNA folding that manifests itself in the form of parallel folding routes. We explain the diversity of folding routes and the structural organization that occurs as the temperature changes in terms of sequence-dependent stabilities of the isolated helices, which we refer to as the ''stability hypothesis.'' the case of the hTR, extracted from the human telomerase, one of the loops (Loop 1) makes a significant number of long-range tertiary interactions with Stem 2 ( Fig. 1 G and I ) that could play a significant role in determining folding cooperativity and pathways.
Thermal Transitions in MMTV and SRV-1. To disrupt the G-rich tracks in the MMTV sequence, Shen and Tinoco flipped four G-C base pairs (one from Stem 1 and three from Stem 2) to C-G base pairs (32) and designated the mutant as VPK. Because all available experimental characterization to date is for the VPK mutant, we will henceforth refer to the mutant as MMTV. Our simulations of the MMTV show two distinct melting temperatures in the C v profile ( Fig. 2A) , in qualitative agreement with previous differential scanning calorimetry (DSC) profile (31) (Fig. 2B) . The higher temperature, T m,1 , corresponds to the folding of the Stem 1 (Fig. 2C) , whereas Stem 2 formation occurs at the lower temperature, T m,2 (Fig. 2D) . The sharpness of the second transition at T m,2 relative to that at T m,1 is linked to the simultaneous formation of Stem 2 and consolidates the tertiary interactions (see below). Insights into the structural transitions are obtained from the two-dimensional, temperature-dependent free energy landscape, F(Q 1 , Q 2 ), where Q 1 (Q 2 ) is the fraction of native contacts (see Materials and Methods for definition) associated with Stem 1 (Stem 2). It is clear from Fig.  2C that at T ϭ T m,1 Ϸ 325 K the hairpin associated with Stem 1 forms, and the folding of the second stem occurs at T ϭ T m,2 Ϸ 305 K (Fig. 2D) . The separation in the two melting temperatures by about 20 K shows that the thermal folding of the MMTV is effectively hierarchical (Fig. 2E) . The two helices form independently and coalesce to form the pseudoknot. However, within this hierarchical picture, there are parallel pathways as the explicit kinetic simulations show (see below).
The simulations can be compared with melting curves obtained using ultraviolet absorbance and by differential scanning calorimetry (29, 31) . The values of the two melting temperatures for the MMTV at high NaCl concentration, which is most appropriate for the model used here because the stacking interaction energies were obtained at 1M NaCl, are T m,2 ϭ 347 K and T m,1 ϭ 368 K, with the ⌬T m ϭ T m,1 -T m,2 ϭ 21 K (31) (Fig. 2B) . Given the simplicity of the TIS model and the plausible sequence effects, we surmise that the simulated results for the C v are in reasonable agreement with experiments. The difference between T m,1 and T m,2 (⌬T m Ϸ21 K) found in experiments is in quantitative agreement with the simulation results (⌬T m Ϸ20 K).
In contrast to the MMTV, there is only one peak in C v (Fig. 3A ) for the SRV-1. Given the similarity in the contact maps of MMTV and SRV-1 (compare Fig. 1 C and F) , the cooperative ordering of Stems 1 and 2 and the formation of the pseudoknot in SRV-1 compared with the hierarchical assembly in MMTV is surprising. The number of GC pairs in Stem 2 of MMTV and SRV-1 is the same (Fig. 1 A and D) . However, there is a GU mispairing in Stem 2 of MMTV, whereas the nts in Stem 2 of SRV-1 follow the WC pairing. Thus, we expect that the isolated helix corresponding to Stem 2 in MMTV could be less stable than helix 2 from SRV-1 (see below), which would in turn compromise the cooperativity of MMTV.
To quantify the cooperativity of the equilibrium transitions, we 
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whereas at the single melting transition of SRV-1 ⍀ c Ϸ 1216. The large value of ⍀ c for SRV-1 suggests all of the interactions that stabilize the folded structure form cooperatively, which obscures the hidden structural transitions in C v (T). However, the details of the ordering process can be discovered from the folding landscape, (Fig. 3B ), which shows that the formation of Stem 2 populates a high free energy intermediate. Thus, the most probable way in which SRV-1 forms is by initial formation of Stem 1, which nucleates the rest of the structure over a narrow temperature range that may be hard to delineate from specific heat alone. The equilibrium folding studies of the SRV-1 have not been performed experimentally, so our results constitute a readily verifiable prediction.
Structural Transitions in hTR.
The biological activities of telomerase, a ribonucleoprotein complex that contains a pseudoknot, include the upregulation of a vast majority of cancer lines (34) and a link between aging and telomere length (35) . The hTR pseudoknot has a short GC-rich stem (Stem 1) and a longer AU-rich stem (Stem 2), and one of the loops (Loop 1) forms a significant number of long-range pseudoknot interactions with Stem 2 ( Fig. 1 G-I) .
The uridine-rich Loop 1 is universally conserved among vertebrates, and it consists of extensive Hoogsteen base triples with Stem 2 that form a short series of pyrimidine-purine-pyrimidine RNA triplex structures (28) . The wild-type hTR, which contains the U177 single-nucleotide bulge (Fig. 1g) , is in dynamic equilibration with a hairpin conformation found between nts 93-121 (36) . Deletion of U177 stabilizes the pseudoknot, thus eliminating the switch to the alternate conformation (28) . We simulated the ⌬U177 construct, which we refer to as hTR ( Fig. 1 G-I) . The temperature dependence C v shows a single sharp peak at T m Ϸ 315 K, which shows that the formation of the hairpins and the formation of the pseudoknot (tertiary) interactions are tightly coupled. However, examination of the free energy profiles, F(Q 1 , Q 2 ), indicates that structural ordering transitions in the hTR is complex. One possible way that hTR assembles is through the formation of Stem 1, although it is also likely that Stem 2 can form a hairpin before further consolidation of the structure (Fig. 4C) . When Stem 1 forms first, the long-range tertiary interactions in Loop 1 is also structured even before the formation of Stem 2. In another competing scheme, Stem 2 is fully formed before development of structure in Loop 1. Interestingly, in this alternate way in which the structure assembles, a certain amount of tertiary interactions must be established before the complete formation of the secondary structure.
The structural changes that occur as hTR melts, which can be gleaned using the free energy profiles (Fig. 4 C-E) , are not clearly reflected in the calorimetric specific heat from simulations nor the UV melting profiles from experiments (28) (Fig. 4 A and B) . The structural transitions shown in Fig. 4 A-E are consistent with the inferences drawn from the UV melting curves for the ⌬U177 construct (28) . It was proposed, based on the UV melting curves, that there are three melting transitions that correlate with the loss of tertiary structure, followed by melting of the AU rich Stem 2, and eventually the loss of structure in Stem 1 (see preferred route in which is not captured in our simulations. However, the hidden structural transitions can be inferred from F(Q 1 , Q 2 ) as described above. Thus, by combining the C v (T) profile and F(Q 1 , Q 2 ), we can identify the structural transitions in hTR that is qualitatively in accord with experiments.
Thermodynamic Stabilities of the Isolated Helices Determine the Order of the Structural Transitions. The folding landscapes (Figs. 2-4 ) lead to the stability hypothesis: namely, the order of formation of the helices, as well as the subsequent consolidation to form tertiary structures, is largely determined by the stabilities of the isolated helices. To make this observation precise, we determined the stabilities of the isolated helices in the pseudoknots. We constructed the isolated helices using the core that is connected by a GCAA loop (Fig. S1) . The free energies of the helices determined using the Mfold algorithm, which is accurate in obtaining the free energies of the optimal and suboptimal structures of small hairpins, show that because of the presence of one additional GC pair, Stem 1 ( Fig. 2A) in the MMTV is more stable than Stem 2 by about 3.8 kcal/mol (Fig. 2F ) . If the stability of the helices is the major determining factor in the assembly of pseudoknots, we expect that Stem 1 of MMTV should melt at the higher temperature than Stem 2. Such an inference is in accord with our simulations that clearly show that at T m,1 (Ͼ T m,2 ), the more stable helix corresponding to Stem 1 forms. Only at a lower temperature, T m,2 , does the less stable Stem 2 acquire its entire structure. For the SRV-1, the Mfold algorithm predicts that Stem 1, a GC rich region, is more stable than Stem 2 by ⌬G ϭ Ϫ3.4 kcal/mol. The relative stability, ⌬⌬G/⌬G 1 ϭ (⌬G 2 -⌬G 1 )/⌬G 1 (⌬G 1 ϭ Ϫ15.4 kcal/mol) is 0.2 compared with 0.3 for MMTV. The stability hypothesis suggests that Stem 1 should form at a higher temperature than Stem 2. As explained earlier, the large cooperativity associated with pseudoknot formation makes it difficult to draw this conclusion from C v (T) alone (Fig. 3A) but is clear from F(Q 1 , Q 2 ) (Fig. 3b) .
Interestingly, the stabilities of Stem 1, Stem 2 ϩ Loop1, and Stem 2 in isolation in hTR are all similar (Fig. S1) , which implies that there should be multiple ways in which the pseudoknot can assemble (see below). From a thermodynamic perspective, we expect that the cooperativity of the formation should also be compromised. The value of ⍀ c for hTR is about 243, which is not as large as found for SRV-1. Thus, the stabilities of the individual helices are reasonable indicators of how RNA pseudoknots assemble from thermodynamic and kinetic perspectives (see below).
Folding Kinetics: Parallel Pathways and Hierarchical Assembly. In the interpretation of the thermally induced structural transitions using the equilibrium free energy profiles (Figs. 2-4) , we have alluded to the plausible connections to the routes explored by the pseudoknots with the features in F(Q 1 ,Q 2 ). Such a link between equilibrium quantities and the folding kinetics was previously established in the folding of Tetrahymena ribozyme using experiments and theory, which showed that the extent of cooperativity and the kinetics of folding of RNA are anti-correlated (19) . In particular, it was argued that as the thermodynamic cooperativity increases, the diversity of the routes decrease because all of the interactions that stabilize the native structure are consolidated in a single step (19) . On the other hand, if the secondary structural elements have comparable stability, then there are multiple routes to the native state.
In general, we expect that folding in a rugged RNA landscape can be described in terms of the kinetic partitioning mechanism (KPM) (19) , according to which a fraction of molecules, ⌽, reaches the NBA directly, whereas the remaining fractions (1-⌽) becomes trapped in CBAs. In the case of pseudoknots, the free energy profiles, F(Q 1 , Q 2 ), suggest that the distinct parallel routes to the NBA can exist even when trapping in the CBAs is small because of the elimination of energetic frustration. Nevertheless, the equilibrium free energy profiles in Figs. 2-4 suggest that the complex folding through multiple channels to the NBA can be described
ͪwhere P u (t) is the fraction of molecules that remains unfolded at time, t, i is the time constant for reaching the NBA via the set of pathways, i, ⌽ i is the corresponding flux in i, and N p is the number of discernible pathways. If the maximum flux through a particular channel ⌽ max Ϸ 1, then RNA folding occurs through a hierarchical mechanism, whereas 0 Ͻ ⌽ max Ͻ 1 implies parallel routes to the NBA. To corroborate the expectation of parallel folding routes to the NBA inferred from F(Q 1 ,Q 2 ), we generated 100 folding trajectories for each of the pseudoknots by integrating the Langevin equations of motion. To model the overdamped motion, we used a friction coefficient that corresponds to the viscosity of water (see Methods and SI Text for details). Folding is triggered by initially preparing an ensemble of unfolded conformations at high temperature (T) and quenching T to a value less than the lowest melting temperature. For each trajectory, we calculated the first passage time to the native state using Q as the progress variable. From a distribution of the first passage times, P FP (s), for the 100 folding trajectories, we calculated P u (t) ϭ 1 Ϫ ͐ 0 t P FP (S)ds.
MMTV. In accordance with the predictions based on F(Q 1 ,Q 2 ), MMTV folds in a hierarchical manner with parallel routes (Fig. 5  B and C) . The time dependence of P u (t) is fit using a sum of two exponentials (Fig. 5) . The flux of molecules through the dominant pathway, in which Stem 1 folds before Stem 2, is ⌽ 12 ϭ 0.77, whereas the remaining fraction (⌽ 21 ϭ 0.23) folds by the alternate route predicted using F(Q 1 ,Q 2 ). The time-dependent structural transitions that occur as MMTV folds are also observed ( Fig. 5 B and E) . If the stability of the isolated helices also determines the kinetics of folding, we expect that Stem 1 should form more rapidly than Stem 2. Indeed the simulations show that helix 1 forms with a time constant around 12 ϭ 0.4 ms (Fig. 5A) , whereas the time constant for the folding of Stem 2 is 21 ϭ 4.3 ms. A similar scenario occurs in the folding of the larger Tetrahymena ribozyme in which the more stable P4-P6 subdomain folds before the formation of the rest of the structure (5, 8) . We conclude that the ordering of Stem 1 nucleates the formation of the tertiary structure. The preformation of Stem 2, which naturally occurs in the second channel, does not affect the rate of formation of Stem 1, as shown by the analysis of the 23 trajectories that fold by the alternate route (Fig. S2 a and b) . The independent formation of the two helices shows that MMTV folds by parallel routes.
SRV-1.
In contrast to MMTV, the structurally similar SRV-1 (compare Fig. 1 C and F ) folds in a single step when analyzed in terms of P u (t) (Fig. 5 E and F ) . From the double exponential fit of P u (t) (Fig. 5D) , we find that only 6% of the molecules reached the NBA by the less probable route (i.e., Stem 2 forms before Stem 1) (Fig.  5F ). Analyses of individual trajectories show that in the dominant route (⌽ 12 ϭ 0.94) the more stable Stem 1 folds, which subsequently drives the formation of Stem 2 and the tertiary structure (Fig. 5E ).
Within the dominant channel, the time for helix formation in the GC-rich Stem 1 is comparable to Stem 1 in MMTV, which establishes that helix formation largely depends only on the local sequence ( Fig. S3 a and c) . The small probability of observing alternative pathways to the NBA is a consequence of the high cooperativity in the tertiary structure formation (⍀ c Ϸ 1216 for SRV-1, whereas only ⍀ c,1 Ϸ 125 and ⍀ c,2 Ϸ 36 for MMTV. In addition, F(Q 1 ,Q 2 ) for SRV-1 shows that the route corresponding to the formation of Stem 2 before Stem 1 has a higher free energy barrier, which makes it kinetically improbable. Thus, the explicit kinetic simulations are in agreement with predictions made using F(Q 1 ,Q 2 ).
hTR. The complex assembly mechanism inferred using the free energy profiles (Fig. 4 B and D) are reflected, to a large extent, in the folding kinetics of the hTR. From the stabilities of the second-ary structures and the thermodynamic analyses, we proposed that the folding of hTR should involve parallel routes including the possibility that tertiary interactions can form before assembly of the helices. The time-dependence of P u (t) reflects the anticipated richness in the folding kinetics. There are two dominant channels ( Fig. 5 H and I ) with ⌽ 2L1 ϭ 0.53 (i.e., Stem 2 folds, followed by interactions involving Loop 2, which is the lower route predicted in Fig. 4E ) and ⌽ 1L2 ϭ 0.34 (i.e., formation of Stem 1 precedes the ordering of Loop 2). The rest of the molecules (16%) followed one of four distinct channels (Fig. 5) . In the channel with ⌽ 2L1 ϭ 0.53, tertiary interactions are established before the formation of Stem 1 as shown by the time dependence of Q (Fig. 5H) . Here, interactions of Loop 1 (green curve in Fig. 5H ) are fully formed before the formation of Stem 2 (red curve in Fig. 5H ). Thus, in this route, the standard scenario that secondary structure formation occurs before assembly of tertiary structures is not observed. In the second most dominant route, hTR forms by a hierarchical mechanism. We should point out in the kinetic assembly of hTR, the less stable helix (as inferred from thermodynamic considerations) forms preferentially by a factor of ⌽ 2L1 /⌽ 1L2 Ϸ 1.6. Thus, the free energy profiles can give only a qualitative picture of the assembly mechanism, and hence detailed kinetic studies are needed to obtain a molecular picture of the folding process.
Discussion
To determine the principles that govern RNA self-assembly at the sequence level, we performed systematic thermodynamic and kinetic studies of coarse-grained molecular simulations. Although the coarse-grained (CG) models have a number of limitations, they have been proved useful in deciphering the key features that control the folding of a variety of RNA molecules (27, (37) (38) (39) (40) . Comparisons of our simulations of RNA pseudoknots to previously observed equilibrium optical and calorimetric melting profiles show excellent agreement. Our results show how variations in the sequence can greatly alter the folding mechanism of pseudoknots with very similar folded structures as judged by the contact maps, which is in sharp contrast to what is generally observed to be the case in protein folding. Dramatic variations in the kinetics of assembly are reflected in the sequence-dependent changes in the equilibrium free energy profiles, which point to complex folding mechanisms involving intermediates and parallel pathways to the NBA. It is thought that typically RNA tertiary structure formation occurs by assembly of preformed secondary structure because the latter are independently stable (12) . One of our key findings is that even when hierarchical assembly is observed, as is the case for the MMTV, there are parallel channels to the NBA that are reflected only when the kinetics of assembly is examined in detail. The existence of parallel routes to the NBA, even when trapping in metastable states is improbable, implies that there are multiple transition states. The folding mechanism of the highly cooperative folding of SRV-1 shows there is essentially a single pathway to the native state. Interestingly, folding of the SRV-1 shows that there is an inverse correlation between the extent of thermodynamic cooperativity and diversity in the folding pathways. In contrast, hTR folds with several parallel routes to the NBA. Such a finding is in accord with a theoretical study in which it was argued that if there is a balance between the interactions stabilizing the various structural elements (as is the case in the hTR), then folding occurs efficiently by multiple pathways (41) . Folding of hTR further shows that tertiary contacts can form before the complete assembly of secondary structures (Fig. 5 H and I) , so these loops can be significant in determining folding cooperativity and pathways in some cases, although secondary structure base pairing is expected to be dominant. Although the generality of the finding that tertiary interactions can consolidate secondary structure formation is not clear, there are examples that suggest that this scenario can be realized in several RNA molecules (15, 30, 42) .
The relative stabilities of the constituent secondary structures (the helices that form stems in our case studies) are the main determinant of the ordering mechanisms of RNA. It has long been appreciated that the disparity in the stabilities of secondary and tertiary interactions allows one to view RNA folding in terms of hierarchical assembly of preformed secondary structures. However, in the present study, we systematically and unambiguously establish the quantitative relationship between the relative stabilities of helices and the kinetics of the folding process itself. If the stems are sufficiently different in stabilities with distinct melting temperatures, the more stable one folds first, resulting in a hierarchical folding mechanism with parallel pathways. If the stems are similar in stability with nearly identical melting temperatures, then a parallel folding mechanism results. Because the stabilities of isolated helices are determined by the sequence, the folding landscape itself can be dramatically altered by mutations. It also follows that detailed studies of the constituent helices can foretell how a complete RNA molecule with a well-defined tertiary structure can fold. It should be stressed that there are multiple RNA folding scenarios that can be dissected in terms of the stabilities of individual helices. Indeed, even for structurally related pseudoknots, the assembly pathways can be distinct.
Materials and Methods
The energy function for the TIS model and the parameters are described in detail elsewhere (27) . The specific heats were calculated using multiple trajectories in which a number of transitions between all of the relevant states were observed. Similar results were obtained using the weighted histogram analysis method (WHAM) (Fig. S3) . To probe the folding kinetics, we generated 100 trajectories for each pseudoknot by integrating the Langevin equation using the value of friction that is appropriate for water. The simulation details including the calculation of free energies of the isolated using Mfold are given in the SI Text.
